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We report measurements performed on a polycrystalline sample of the pyrochlore compound
Nd2Sn2O7. It undergoes a second order magnetic phase transition at Tc ≈ 0.91 K to a noncopla-
nar all-in–all-out magnetic structure of the Nd3+ magnetic moments. The thermal behavior of the
low temperature specific heat fingerprints excitations with linear dispersion in a three-dimensional
lattice. The temperature independent spin-lattice relaxation rate measured below Tc and the anoma-
lously slow paramagnetic spin dynamics detected up to ≈ 30 Tc are suggested to be due to magnetic
short-range correlations in unidimensional spin clusters, i.e., spin loops. The observation of a sponta-
neous field in muon spin relaxation measurements is associated with the absence of a divergence-free
field for the ground state of an all-in–all-out pyrochlore magnet as predicted recently.
PACS numbers: 75.40.-s, 75.25.-j, 78.70.Nx, 76.75.+i
I. INTRODUCTION
The pyrochlore insulator compounds of generic chem-
ical formula R2M2O7, where R is a rare earth ion and
M a non magnetic element, are a fertile playground for
the discovery of exotic magnetic properties.1 The most
enigmatic results were found for their spin dynamics. At
least two signatures of them have been recognized.
First, persistent spin dynamics as inferred from a finite
spin-lattice relaxation rate measured at low temperature
by the zero-field muon spin relaxation (µSR) technique
is an ubiquitous physical property of the ground state,
no matter its magnetic nature. Low energy unidimen-
sional excitations have recently been argued to be at its
origin.2 They could be supported by spin loops, i.e., pe-
culiar short-range correlations.3,4
In µSR measurements, the signature of a transition
to a magnetically ordered state is the observation of
muon spin precession corresponding to a spontaneous
field at the muon site. While in neutron scattering
experiments at low temperature, Er2Ti2O7, Tb2Sn2O7,
and Yb2Sn2O7 display magnetic Bragg reflections char-
acterized by a propagation wave vector k = (0, 0, 0)
(Refs. 5–7) no spontaneous precession is observed in
µSR measurements.7–9 This is the second unexpected re-
sult. In contrast, spontaneous fields have been reported
for Gd2Ti2O7.
10 However, this is a system with a com-
plex magnetic structure.11 More interesting, Gd2Sn2O7
displays a k = (0, 0, 0) structure12 and spontaneous
fields.13,14 A fraction of the µSR signal is missing in the
ordered state, probably because of the large field distribu-
tion at the magnetic sites corresponding to this fraction.
In this context the characterization of a compound with a
k = (0, 0, 0) magnetic order together with a spontaneous
field with no missing fraction would provide further in-
sight.
Here we report a study of the cubic pyrochlore stan-
nate Nd2Sn2O7 (Refs. 15 and 16) with specific heat, mag-
netization, neutron scattering, and µSR measurements.
It exhibits a magnetic phase transition at Tc ≈ 0.91 K
to a so-called all-in–all-out magnetic structure with a
k = (0, 0, 0) propagation wavevector. A µSR spon-
taneous field is observed, consistent with the lack of
the divergence-free part of the Helmholtz decomposi-
tion of the magnetic-moment field for such a magnetic
structure.17 In this frame, the long-range order is asso-
ciated with the divergence-full component of the field.
Persistent spin dynamics below Tc and an anomalously
slow paramagnetic spin dynamics up to ≈ 30Tc are de-
tected. They are suggested to be due to unidimensional
spin loops.
We shall first establish the basic physical characteris-
tics of the compound from bulk measurements and neu-
tron scattering experiments. Further microscopic infor-
mation on the static and dynamical properties of the
system is obtained from inelastic neutron scattering and
µSR experiments. A discussion of the results completes
this report.
II. BULK MEASUREMENTS
A single phase powder sample of Nd2Sn2O7 was pre-
pared by heating the constituent oxides up to 1400◦C
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FIG. 1. (Color online) Bulk measurements for a Nd2Sn2O7
powder sample. (a) Specific heat versus temperature. Our
results are compared with those in Ref. 18. (b) Tempera-
ture dependence of the inverse magnetic susceptibility 1/χ
expressed in SI units and measured in a field of 0.95 mT. The
insert displays the low temperature data. The sample used for
this measurement was a thin pellet and the field was applied
in its plane so as to minimize demagnetization field effects. In
the two panels, the solid lines are results of fits as explained
in the main text.
with four intermediate grindings. The heat capacity Cp
recorded with a Physical Property Measurement Sys-
tem, Quantum Design Inc, is presented in Fig. 1(a).
It matches previous results18 in the overlapping tem-
perature range. A λ-type peak consistent with a sec-
ond order phase transition is observed at Tc ≈ 0.91 K,
i.e., the temperature of a peak in magnetic susceptibil-
ity data.19 No broad hump above Tc is present unlike in
some geometrically frustrated magnets where it is inter-
preted as a signature of short-range correlations.20 The
law Cp = BT
3 accounts for the data at low temper-
ature [Fig. 1(a)]. This temperature dependence is ex-
pected for excitations with a linear dispersion relation in
a three-dimensional system. It sets a higher bound for
any gap in the excitation spectrum at ≈ 0.1 meV. From
the value B = 11.0 (7) JK−4mol−1 obtained from data
measured below 0.45 K, we infer an excitation velocity
vex = 55 (1) m s
−1 in line with the Er2Ti2O7 result.
21
In Fig. 1(b) is displayed the inverse of the static suscep-
tibility 1/χ. In the temperature range 150 ≤ T ≤ 290 K
χ follows a Curie-Weiss law with a Curie-Weiss temper-
ature θCW = −46.3 (1.9) K and a paramagnetic moment
mpm = 3.57 (4) µB comparable with the value mpm =
3.62 µB for a free Nd
3+ ion. As shown in the insert, as-
suming χ to follow a Curie-Weiss law for 5 ≤ T ≤ 15 K
we get θCW = −0.32 (1) K and mpm = 2.63 (3) µB, in
agreement with Ref. 22. The negative θCW indicates net
antiferromagnetic exchange interactions. As the first ex-
cited crystal-field doublet is located at ≈ 26 meV above
the Kramers doublet of the Nd3+ ground-state,23 an ef-
fective spin S′ = 1/2 model is justified for the ion de-
scription at low temperature.
III. NEUTRON DIFFRACTION RESULTS
Nd2Sn2O7 crystallizes in the Fd3¯m space group. We
studied the crystal structure of our sample using the
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FIG. 2. (Color online) Neutron diffraction results for a pow-
der sample of Nd2Sn2O7. (a) Nuclear pattern at T = 15 K. (b)
Magnetic diagram given by the difference between 60 mK and
1.2 K data sets. Experimental points nearby 2θ = 74.4◦ and
88.5◦ are not shown because they are strongly influenced by
neutrons scattered from the copper container. The observed
magnetic reflections are labeled with Miller indices. The solid
lines in (a-b) result from Rietveld analyses. The solid lines
at the bottom give the difference between fits and data. The
vertical markers indicate the positions of the Bragg peaks.
(c) The corresponding magnetic structure. The spheres rep-
resent the Nd3+ ions and the arrows their magnetic moments
oriented along the local trigonal <111> axes of the cubic crys-
tal structure. Two corner-sharing tetrahedra are shown, one
with the magnetic moments pointing inwards and an adjacent
tetrahedron with moments pointing outwards. (d) Diffrac-
togram recorded at 1.2 K and difference from the data set
recorded at 50 K. No diffuse scattering intensity is observed
at the approach of the magnetic transition. Note that for the
sake of clarity, the most intense Bragg peaks present at 1.2 K
have been truncated.
diffractometers D2B at Institut Laue Langevin (ILL)
and HRPT of the SINQ neutron source at the Paul
Scherrer Institute (PSI) respectively at room tempera-
ture and 15 K. Figure 2(a) displays the HRPT data an-
alyzed with the FullProf suite.24 The lattice parameter
is alat = 10.5586 (6) A˚ and the parameter for the oxygen
position is x = 0.33259 (3) at 15 K; see Fig. 2(a) for the
diffraction pattern. For comparison, the corresponding
room temperature values obtained in our D2B measure-
ments are alat = 10.568 (3) A˚ and x = 0.33250 (8), in
agreement with the literature.16 Our Rietveld refinement
revealed a slight stuffing and oxygen deficiency: with
the notation Nd2+ySn2−yO7+δ we got y = 0.013 (7) and
δ = −0.006 (3).23
Magnetic neutron diffraction measurements were per-
formed with the D1B diffractometer at ILL. In Fig. 2(b)
a magnetic diffraction diagram at 60 mK is presented.
3The Bragg reflections imply a long-range order of the
Nd3+ magnetic moments to be established. The re-
flections only occurring at the nuclear Bragg peak po-
sitions, the magnetic propagation vector of the struc-
ture is k = (0, 0, 0). The absence of magnetic inten-
sity at positions (111), (200), and (400) is consistent
with the non-coplanar all-in–all-out moment arrange-
ment pictured in Fig. 2(c).23 It is confirmed by an anal-
ysis with FullProf. The spontaneous magnetic moment
is msp(T → 0) ≃ msp(T = 0.06K) = 1.708 (3)µB. The
all-in–all-out magnetic structure was first reported for
FeF3,
25 and subsequently observed for the Nd3+ mo-
ments and proposed for the Ir moments of Nd2Ir2O7
(Ref. 26) and for the Os moments of Cd2Os2O7.
27,28
It was also deduced from an analysis of resonant x-ray
diffraction data obtained for Eu2Ir2O7.
29 This structure
should not give rise to a structural distortion,29 consis-
tent with the second order nature of the magnetic phase
transition. We finally mention that no diffuse scatter-
ing which would signal the onset of short-range magnetic
correlations is observed when approaching the magnetic
transition from the paramagnetic phase, unlike in, e.g.,
Tb2Sn2O7 (Ref. 6); see Fig. 2(d).
IV. INELASTIC NEUTRON SCATTERING
RESULTS
For an independent estimate of msp and to gather in-
formation on the spin dynamics up to the 10−9 s range,
we performed neutron backscattering measurements at
the IN16 backscattering spectrometer at ILL.
The inelastic scattering intensity measured at ≈
±2 µeV [Fig. 3(a)] in the magnetically ordered phase
corresponds to transitions among the nuclear spin lev-
els whose degeneracy is lifted by the hyperfine field.30
This is an incoherent scattering process. Among the Nd
isotopes the contribution of 143Nd overwhelmingly domi-
nates due to its large incoherent scattering cross section.
The splitting h¯ωZ = 2.027 (7) µeV measured at 0.06 K
corresponds to msp = h¯ωZ/A
143
hyp = 1.68 (3) µB using the
hyperfine constantA143hyp = 20.9 (3) mT.
31 The incoherent
nature of the scattering process implies that each nucleus
is probed additively, i.e., there are no interference effects
as in diffraction. Hence, backscattering provides a local
probe determination of msp. Diffraction, which measures
a volume average,32 and backscattering data giving con-
sistent results, no phase segregation occurs in our sample.
Information about spin dynamics is obtained from
backscattering data recorded at 1.2 K, i.e., above Tc.
Beside the nuclear incoherent scattering, a signal of elec-
tronic origin is observed which is broader than the exper-
imental resolution. Fitting this signal using a Lorentzian
function we deduce the quasielastic half-width at half-
maximum ΓQ. We find it to be weakly Q-dependent with
a linear wave-vector dependence ΓQ = Γ0 + aQQ where
Γ0 = 0.271 (9) µeV and aQ = −0.070 (2) µeV A˚, see
Fig. 3(b). While more data would be needed to discuss
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FIG. 3. (Color online) Inelastic neutron scattering results
for a Nd2Sn2O7 powder sample. (a) Wavevector integrated
backscattering spectrum at 0.06 K. The instrument resolution
determined from an independent measurement on vanadium
is given by the dotted line. (b) Wavevector dependence of the
quasielastic half-width at half-maximum (HWHM) ΓQ of the
magnetic scattering in the paramagnetic phase at 1.2 K. In
the two panels, the solid lines are results of fits as explained
in the main text.
this Q dependence, we notice the linewidth to be in the
range ΓBS ≃ 0.2 µeV which corresponds to a fluctuation
time τBS = h¯/ΓBS = 3×10
−9 s. This is relatively slow for
a temperature outside the critical regime. We would have
expected a time of order h¯/(kB|θCW|) = 2.4 (1)×10
−11 s,
where we take θCW derived from the χ(T ) fit at low tem-
perature. Even slower paramagnetic fluctuations are re-
vealed by the µSR study discussed below.
V. µSR RESULTS
Further information was obtained from µSR measure-
ments performed at the MuSR spectrometer of the ISIS
pulsed muon source (Rutherford Appleton Laboratory,
United Kingdom) and at the GPS and LTF spectrome-
ters of the Swiss Muon Source at PSI. All the data were
recorded with the longitudinal geometry, either in zero
field (ZF) or under a longitudinal field. These differ-
ent variants of the technique probe the magnetic prop-
erties of the system on a time scale ranging from ap-
proximately 10−5 to 10−12 s. A µSR asymmetry spec-
trum recorded below Tc is shown in Fig. 4(a). The dis-
played quantity is a0P
exp
Z (t) where a0 is an experimental
parameter and P expZ (t) is the muon polarization func-
tion which reflects the physics of the compound under
study.33 We observe a sharp drop of the asymmetry at
short times followed by a slow exponential decay of the
tail. Its decay rate is a measure of the spin-lattice re-
laxation rate λZ . The early time part of the spectrum
is detailed in the insert. A spontaneous, i.e., in the ab-
sence of an external field, muon spin precession is de-
tected. This is so up to T ≤ 0.65 K ≈ 0.7 Tc. It re-
flects the long-range magnetic order. Although a spon-
taneous muon spin precession is expected and often ob-
served in the ordered phase of magnets, including exotic
magnets,34 it is not present, as mentioned earlier, for
Tb2Sn2O7,
9,35 Er2Ti2O7,
8,36 and Yb2Sn2O7,
7,37 and for
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FIG. 4. (Color online) µSR results. (a) An asymmetry spec-
trum recorded deep in the ordered state (LTF spectrometer).
The solid line results from a phenomenological fit. The insert
displays the short-time part of the spectrum. (b) Temper-
ature dependence of the spin lattice relaxation rate λZ in
zero field (empty symbols) and for Bext = 50 mT (full sym-
bols). The data have been recorded at different spectrometers
as indicated in the figure. The Tc value is shown as a dotted
line and the full line emphasizes the temperature independent
zero-field λZ at low temperature.
CdHo2S4.
2 This has been attributed to the dynamical
nature of the field at the muon site.9 Above ≈ 0.7 Tc,
the muon spin precession is not resolved: this is proba-
bly due to a broadening of the field distribution at the
muon site and dynamical effects. In the whole tempera-
ture range below Tc the spin-lattice relaxation channel is
easily observed. The function a0P
exp
Z (t) = asPZ(t) + abg
was fitted to all the spectra. The first term is associated
with muons probing the sample and the second time-
independent component accounts for muons implanted in
the sample surroundings. Above Tc a stretched exponen-
tial function PZ(t) = exp[−(λZt)
βse ], with the exponent
0.7 ≤ βse ≤ 1, provides a good description of the spectra.
Such a spectral shape is consistent with a distribution of
relaxation channels and is often observed in frustrated
magnets.
In Fig. 4(b), λZ(T ) deduced from zero-field and 50 mT
measurements is plotted. These data are remarkable in
many respects. In zero field λZ(T ) displays a pronounced
maximum at Tc. This reflects the slowing down of the
critical fluctuations at the approach of a second order
magnetic phase transition. At T ≪ Tc we would ex-
pect λZ to vanish.
33,38–40 The plateau that is instead ob-
served, the signature of the so-called persistent spin dy-
namics, has been ascribed to unidimensional excitations2
which could be present in lattices of corner-sharing tri-
angles or tetrahedra. The λZ thermal behavior above its
inflection point at ≈ 100 K is driven by an Orbach lo-
cal relaxation mechanism.20,33 At lower temperature, but
still in the paramagnetic regime, correlations come into
play. However, their characteristics is not as expected
for a conventional paramagnetic phase. This key new re-
sult is dramatically revealed by the strong dependence
of λZ on Bext. Quite unexpectedly, its influence extends
up to about 30 K, i.e., ≈ 30Tc. Because of this strong
Bext dependence of λZ at low field and the plateau ob-
served for λZ(T ) under 50 mT for 2 < T < 100 K, using
the model due to Redfield41 we infer the presence of spin
fluctuations with a correlation time τµSR in the 100 ns
range. Hence, the zero-field fluctuations probed by µSR
are characterized by τµSR much larger than the time esti-
mated from the quasielastic neutron scattering data, i.e.,
τBS. Nd2Sn2O7 is not a unique example of this feature.
42
In fact, a wide range of correlation times extending to
anomalously long times seems to be a signature of geo-
metrically frustrated magnetic materials.21,36,43–48
VI. DISCUSSION AND CONCLUSIONS
We now discuss the prominent experimental results ob-
tained from our experimental study, namely (i) the all-in–
all-out type of magnetic structure found for Nd2Sn2O7,
(ii) the observation of a spontaneous field in µSR mea-
surements while this field is not detected in some other
magnetically ordered pyrochlores, and (iii) the anoma-
lously slow dynamics in the paramagnetic phase.
The all-in–all-out magnetic structure has been pre-
dicted for antiferromagnetically coupled Ising spins.49
However, the T 3 temperature dependence of the specific
heat implies that magnon-like excitations are present and
therefore the spins cannot be entirely Ising-like. A recent
computation using a gauge mean-field approximation and
incorporating spin exchange terms other than the Ising
term has appeared.50 It predicts the all-in–all-out phase
for a range of exchange parameters. Unfortunately this
result cannot be tested since no formulas for the velocity
vex and the static susceptibility χ in terms of exchange
parameters have been given.
Recently the concept of fragmentation for Ising
anisotropy pyrochlore compounds has been introduced.17
The field associated with the magnetic moments of an
isolated tetrahedron is proposed to split into divergence-
full and divergence-free parts. Within this model a long-
range order is modelled by the first part of the Helmholtz
decomposition. The second part corresponds to a fluid
of monopoles. Since the divergence-free field does not
exist for the ground state of the all-in–all-out magnetic
structure, there is no reason for the spontaneous field to
flip9 and therefore its detection for Nd2Sn2O7 is natu-
5rally explained. We note that the low temperature mo-
ment is not collinear with the local three-fold axis for
Tb2Sn2O7, Yb2Sn2O7, and Yb2Ti2O7. Hence the frag-
mentation model in its present status is not applicable
to these three compounds. Notice that the physics of
Tb2Sn2O7 is in any case complicated because Tb
3+ is a
non-Kramers doublet and therefore the lattice is subject
to crystallographic distortions.
Slow paramagnetic dynamics might be a general prop-
erty of magnetic pyrochlore compounds. It was uncov-
ered early on for Tb2Ti2O7.
43 It has been recently char-
acterized in Yb2Ti2O7 and Yb2Sn2O7.
47 As to its origin,
emergent unidimensional spin clusters — spin loops —
i.e., peculiar molecular spin structures, are a natural can-
didate. Excitations supported by these structures were
recently suggested to drive persistent spin dynamics for
T ≪ Tc as measured by λZ .
2 The interactions between
the quasiparticles above Tc may renormalize them which
would lead to the observed temperature dependence of
λZ . Spins involved in these structures are expected to
display short-range correlation effects and their dynamics
should be relatively slow in comparison to magnetically
isolated spins. These structures have rarely been dis-
cussed theoretically.3,4,51 They are of natural occurrence
in pyrochlore and kagome lattices.
While spin dynamics has been consistently observed in
numerous studies of the pyrochlore systems, the present
work suggests that it signals phenomena of quite differ-
ent origins. The temperature independent muon-spin re-
laxation rate when T → 0 and the anomalously slow
dynamics revealed here are attributed to correlated spin
loops. The absence of a spontaneous field would result
from the divergence-free part of the magnetization field in
compounds with components of their magnetic moments
along local three-fold axes.
For further progress, the published fragmentation
model, which only considers classical Ising spins,17 should
be generalized to quantum spins with components per-
pendicular to the local three-fold axis.52 The generic
nature of the unidimensional excitations should be ad-
dressed. On the experimental front, extending the study
of insulating corner-sharing regular tetrahedra systems
to normal rare-earth spinel systems is poised to pro-
vide more examples of exotic spin dynamics as recently
shown.2,53
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